Baryogenesis via Leptogenesis from Asymmetric Dark Matter and
  radiatively generated Neutrino mass by Narendra, Nimmala et al.
IP/BBSR/2018-7
Baryogenesis via Leptogenesis from Asymmetric Dark Matter and radiatively
generated Neutrino mass
Nimmala Narendra,1, ∗ Sudhanwa Patra,2, † Narendra Sahu,1, ‡ and Sujay Shil3, 4, §
1Indian Institute of Technology Hyderabad, Kandi, Sangareddy, 502285, Telangana, India
2Indian Institute of Technology Bhilai, Raipur, Chhatishgarh, India
3Institute of Physics, Sachivalaya Marg, Bhubaneswar, Odisha 751005, India
4Homi Bhabha National Institute, Training School Complex, Anushakti Nagar, Mumbai 400085, India
We propose an extension of the standard model (SM) by including a dark sector comprising
of heavy right-handed neutrinos, a singlet scalar and a singlet Dirac fermion representing the dark
matter (DM). In the early Universe, the CP-violating out-of-equilibrium decay of heavy right-handed
neutrinos in the dark sector generate a net B-L asymmetry. The latter is then transported to the
visible sector via a dimension eight operator which conserves B − L symmetry and is in thermal
equilibrium above the sphaleron decoupling temperature. The singlet scalar mixes with the SM
Higgs and pave a path for annihilating the symmetric component of the DM. We predict that the
efficient annihilation of symmetric component of the DM requires the mass of singlet scalar to be
exactly twice the mass of DM. Then we discuss the constraints on singlet-doublet Higgs mixing from
invisible Higgs decay, signal strength at LHC and direct search of DM at terrestrial laboratories.
At tree level the neutrinos are shown to be massless since the symmetry of dark sector forbids the
interaction of right-handed neutrinos with the SM particles. However, at one loop level the neutrinos
acquire sub-eV masses as required by the oscillation experiments.
I. INTRODUCTION
The evidence from galaxy rotation curve, gravita-
tional lensing and large scale structure of the Universe
irrefutably proven the existence of dark matter (DM)
in a large scale (& a few kpc) [1]. However, the mi-
croscopic picture of DM is hitherto not known. The
only piece of information that we know about the DM
is its relic abundance and is precisely measured by the
satellite borne experiments WMAP [2] and PLANCK [3]
to be ΩDMh
2 = 0.1199 ± 0.0027. However, a little is
known about the underlying mechanism of generating
relic abundance of DM. The most considered scenario
is the DM to be a Weakly Interacting Massive Particle
(WIMP) [4]. The latter gets thermalised in the early
Universe due to its weak interaction property. As the
temperature falls below its mass scale, the DM gets de-
coupled from the thermal bath and its density in a co-
moving volume remain constant which we measure today.
This is usually referred as WIMP miracle.
Another miracle about DM is that its relic density
is about 5 times larger than the baryon density of the
present Universe, i.e. ΩDM ≈ 5ΩB . This implies that
the relic density of DM can be generated in a similar
way that baryon asymmetry of the Universe has been
generated. See for example [5–8]. The observed baryon
asymmetry, usually reported in terms of the baryon to
photon ratio, η = nB/nγ , is given as [9],
5.8×10−10 ≤ η ≤ 6.6×10−10 (BBN) (95%CL) , (1)
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where η = 7.04YB with YB ≡ nB/s. Similarly the ob-
served DM abundance can be expressed as
YDM ≡ nDM
s
= 4× 10−10
(
1GeV
MDM
)(
ΩDMh
2
0.11
)
. (2)
This implies that YDM/YB ≈ O(1) if MDM ∼ 5GeV.
However, it can vary from a GeV to TeV depending on
the magnitude of CP violation in visible and dark sectors.
See for instance [8].
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FIG. 1: Pictorial presentation of a dark sector being in thermal
contact with the visible sector via higher dimension operator, which
conserves B − L symmetry and is in thermal equilibrium above
sphaleron decoupling temperature.
The standard model (SM), which is based on the gauge
group SU(3)C×SU(2)L×U(1)Y , is a successful theory of
fundamental particles and their interactions. However, it
does not explain neither the DM abundance nor baryon
asymmetry of the Universe. Moreover, it can not explain
the non-zero masses of active neutrinos. In this paper
we make an attempt to solve these problems simultane-
ously in a beyond SM framework. We extend the SM
by including a dark sector comprising of a singlet scalar
(φ), three heavy right-handed neutrinos (NR), and two
singlet Dirac fermions χj ,j = 1, 2 as shown in the Fig. 1
. We also impose a discrete Z2 symmetry under which
both NR and χ are odd while all other particles including
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2the SM fields are even. As a result the lightest Z2 odd
particle χ1 is a viable candidate of DM.
The Majorana mass of heavy right-handed neutrinos
break B − L by two units. Therefore, the CP-violating
out-of-equilibrium decay of heavy right-handed neutri-
nos to χjφ in the early Universe generate a net B − L
asymmetry [10, 11]. The latter is then transferred to
the visible sector by a dimension eight operator [12–14]:
O8 = 1M4asy χ
2(LH)2, which is in thermal equilibrium
above sphaleron decoupling temperature. Note that the
operator O8 conserves B − L symmetry. As a result the
B − L asymmetry produced in χ by the decay of right
handed neutrinos will be distributed between the dark
sector and visible sector. When the DM χ decouples
from the thermal bath, the asymmetry in two sectors got
segregated. Thus we get a net B − L asymmetry in the
visible sector proportional to the B − L asymmetry in
the dark sector. The B − L asymmetry in the visible
sector get transferred to a net baryon (B) asymmetry
via the sphaleron transitions, while the B − L asymme-
try in χ remain intact which we observe today as dark
matter relics. The SM Higgs H mixes with the singlet
scalar φ and paves a path for annihilating the symmet-
ric component of the dark matter (χ). The abundance
of the singlet scalar φ will not be present in the current
universe due to its decay to standard model particle by
Higgs mixing.
Note that NR is odd under the Z2 symmetry. As a re-
sult it does not have a tree level coupling with left-handed
lepton doublets as in the type-I seesaw model [15]. How-
ever, 1
Λ4B−L
(NRLH)
2 is allowed, where ΛB−L is the scale
of B−L symmetry breaking. This generates a Majorana
mass of the light neutrinos at one loop level.
The paper is organized as follows. In sec. II, we in-
troduce the model part. Sec. II A is devoted to explain
the neutrino masses. The generation of DM asymme-
try is explained in sec. III. The transfer of DM asymme-
try to visible sector is discussed in sec. IV. In sec. V,
we describe the condition for annihilation of symmetric
component of the DM. In sec. VI, we demonstrate the
constraints on model parameters from invisible Higgs de-
cay, signal strength of a SM-like Higgs, the requirement
of correct relic abundance of DM and its direct detection.
We conclude in sec. VII .
II. THE MODEL
The model under consideration is based on the gauge
group SU(3)C × SU(2)L × U(1)Y × Z2. We extend the
SM by introducing a dark sector which comprises of a real
singlet scalar φ, three right handed neutrinos NiR, i =
1, 2, 3 and two singlet Dirac fermions χj , j = 1, 2. The
particle content of the model, along with the quantum
numbers, are given in the Table I . Under the discrete
symmetry Z2, both NR and χ particles are odd. As a
result the lightest Z2 odd particle, say χ1, is stable and
Fields SU(3)C SU(2)L U(1)Y Z2
NR 1 1 0 -
χ 1 1 0 -
φ 1 1 0 +
TABLE I: Particles of the dark sector and their quantum numbers
under the SM gauge group.
represent a candidate of DM.
The corresponding Lagrangian can be given as:
L ⊃ NRjiγµ∂µNRj + χjiγµ∂µχj +
1
2
(∂µφ)(∂
µφ)
+ (Mχ)ijχiχj + (MN )ij(NRi)cNRj + (λDM)ijχiχjφ
+ yijNRiχjφ+ h.c.+ V (H,φ) (3)
where
V (H,φ) = −µ2HH†H + λH(H†H)2 +
1
2
M2φφ
2
+
1
4
λφφ
4 +
1
2
λHφ(H
†H)φ2 + µφφ(H†H) . (4)
The B − L quantum number of NR and χ is same and
is taken to be, -1. However, they are distinguishable by
their masses. The masses of heavy right handed neutri-
nos: MN >> MW , while the masses of χj j = 1, 2, are
Mχ < MW .
The electroweak phase transition occurs as the SM
Higgs acquires a vacuum expectation value (vev) v =
〈H〉 = 246 GeV and 〈φ〉 = 0. Then the quantum fluctu-
ation around the minimum is given by
H =
(
0
v+h√
2
)
and φ = φ . (5)
As a result after electroweak phase transition, the two
scalars h and φ mix with each other. The mass matrix is
given by (
2λHv
2 µφv√
2
µφv√
2
M2φ +
λHφ
2 v
2
)
. (6)
Diagonalizing the above mass matrix we get the masses
Mh1 and Mh2 corresponding to the physical Higgses h1
and h2:
h1 = h cos γ + φ sin γ
h2 = −h sin γ + φ cos γ . (7)
The mixing angle γ can be quantified as
sin γ ≈
√
2µφv
2λHv2 −M2φ − λHφv
2
2
. (8)
We identify h1 to be the SM-like Higgs with mass Mh1 =
125.7GeV, while h2 is the second Higgs whose mass is
3going to be determined from relic abundance require-
ment. In fact, in section VI, we show that Mh2 ≈ 2Mχ ≈
16.42GeV, which is an important prediction in this pa-
per. In Fig. 2 we show the contours of Mh1 = 125.7
GeV (dashed lines), Mh2 = 16.42 GeV (solid lines) and
sin γ = 0.045, 0.8 (dot-dashed lines) in the plane of λH
versus µφ for λHφ = 0.1 (meeting at point A), 0.01 (meet-
ing at point B). We see that large range of mixing is al-
lowed to explain simultaneously the masses of h1, h2 and
the mixing angle sin γ. When the mixing goes to zero (i.e.
µφ → 0, which implies sin γ → 0), we recover the SM
Higgs mass Mh1 = 2λHv
2 = 125.7GeV for λH = 0.13.
As the mixing angle increases (i.e. µφ 6= 0) we still sat-
isfy the required masses of h1 and h2 with small λH . In
what follows we will take sin γ as the measure of mixing.
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FIG. 2: Contours of Mh1 = 125.7 GeV (dashed lines), Mh2 =
16.42 GeV (solid lines), sin γ = 0.045, 0.8 (dot dashed lines) in the
plane of λH versus µφ. We set Mφ = 0
The effective coupling of h1h2h2 from Eq. 4 can be
given as:
λeff = 3λHv cos γ sin
2 γ +
λHφ
2
v cos3 γ − µφ
2
sin3 γ
+ µφ cos
2 γ sin γ − λHφv sin2 γ cos γ . (9)
In Fig. 3 we have shown the effective coupling of SM-like
Higgs to h2h2 as a function of sin γ for various values
of λHφ. We see that λeff is almost independent of λHφ
for large sin γ. We will come back to this issue while
calculating the invisible decay width of SM-like Higgs in
section VI.
A. Neutrino masses
The lepton number is violated by the Majorana mass
term of the heavy right handed neutrinos. Note that the
term: NRH˜
†L is not allowed as NR is odd under the Z2
symmetry. However the term like (NRH˜
†L)2
Λ4B−L
is allowed,
where ΛB−L is the B − L breaking scale. The relevant
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FIG. 3: Effective coupling of h1 to h2h2 as a function of sin γ for
λH = 0.13.
diagram generating neutrino masses radiatively is shown
in Fig. 4.
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FIG. 4: Radiative neutrino mass at one loop level.
By taking ΛB−L as the cut-off scale, the neutrino mass
can be calculated from Fig. 4 as:
Mν =
1
8pi2
v2MN
Λ2B−L
[
1 +
M2N
Λ2B−L
Log
(
M2N
M2N + Λ
2
B−L
)]
(10)
Where the v is the vacuum expectation value of SM
Higgs andMN is the mass scale of the heavy right-handed
neutrino. Inverting the above formula we get the B − L
breaking scale:
ΛB−L ≈ 7.66×1011GeV
(
0.1eV
Mν
)(
MN/ΛB−L
0.1
)
. (11)
Therefore the heavy right handed neutrino mass can be
taken as MN ≈ 1010 GeV.
III. GENERATION OF ASYMMETRY IN DARK
MATTER SECTOR
In the early Universe, the right-handed neutrinos at
a temperature above their mass scales are assumed to
be in thermal equilibrium via the Yukawa interactions:
YijNRiχjφ + h.c.. As the Universe expands, the tem-
perature falls. As a result the right-handed neutrinos,
below their mass scales, go out-of-equilibrium and de-
cay. Without loss of generality we choose the mass basis
of right-handed neutrinos to be diagonal. In this ba-
sis, the heavy Majorana neutrinos are defined by Ni =
41√
2
[NiR + (NiR)
c] and hence their decay violate B − L
by two unit. Moreover, we assume a normal hierarchy
among the right-handed neutrinos. As a result, the CP-
violating decay of lightest right-handed neutrino (N1) to
φ and χj , j = 1, 2, generates a net B − L asymmetry
between χj and χj .
The CP asymmetry in the decay of N1 arises via the in-
terference of tree level diagram with one loop self energy
and vertex diagrams as shown in Fig.5 . The asymmetry
Ni
χj
φ
Ni
φ
χj
χl
φ
Nk
Ni
χl
Nk
χj
φφ
FIG. 5: CP-violation arising from the interference of tree level
diagram with vertex and self energy correction diagrams in the
decay of N1
χ is estimated to be [16]
χ =
Γ(N1 → χjφ)− Γ(N1 → χ¯jφ)
ΓN1
' − 3
8pi
(
M1
M2
)
Im
[
(y†y)2
]
12
(y†y)11
. (12)
where we assume M1 << M2 << M3, and Mi, i = 1, 2, 3
are the masses of heavy right-handed neutrinos. Thus
below the mass scale of N1, we get a net B−L asymme-
try:
(nB−L)total =
1
27
χκs. (13)
where κ is the washout factor, arises via inverse decay
and scattering and s = (2pi2/45)g∗T 3 is the entropy den-
sity. In a weak washout regime we set κ = 0.1. The
factor 1/27 takes into account the dilution until recom-
bination epoch. The generated B−L asymmetry will be
distributed between visible and dark sectors via a higher
dimensional operator as we introduce below.
IV. ASYMMETRY TRANSFER FROM DARK
SECTOR TO VISIBLE SECTOR
The asymmetry generated via the decay of lightest
heavy Majorana neutrino N1 can be transferred to the
visible sector by a higher dimensional operator [13]:
O8 = 1
M4asy
χ2(LH)2. (14)
Depending on the value of Masy, the transfer operator
will decouple from thermal plasma at different tempera-
tures. We can find the decoupling temperature by com-
paring the interaction rate of the transfer operator with
the Hubble expansion rate of the universe at the decou-
pling epoch TD. For the operator 14, the rate of inter-
action between visible and dark sector at the decoupling
epoch TD is given as
ΓD '
(
T 4D
M4asy
)2
TD , (15)
where MPl is the Planck mass. By comparing the above
interaction rate with the Hubble expansion parameter
H = 1.67g
1/2
∗ T 2D/MPl we get
M8asy > MPlT
7
D . (16)
We assume that TD & Tsph, where Tsph is the sphaleron
decoupling temperature. For Higgs mass Mh1 = 126
GeV, the sphaleron decoupling temperature is Tsph ≥
MW . As a result from Eq. 16 we get the constraint on
Masy to be Masy > 0.9× 104GeV.
The asymmetry in the equilibrium number densities of
particle ni and antiparticle ni can be given as
ni − ni = gi
2pi2
∫ ∞
0
dqq2
[
1
e
Ei(q)−µi
T ± 1
− 1
e
Ei(q)+µi
T ± 1
]
(17)
where the gi is the internal degrees of freedom of the
particle species i. In the above equation, Ei and qi are
the energy and momentum of the corresponding particle
species i. In the approximation of a weakly interacting
plasma, where βµi  1, β ≡ 1/T , we get [4]
ni − ni ∼ giT
3
6
× [2βµi +O((βµi)3) bosons
∼ giT
3
6
× [βµi +O((βµi)3) fermions . (18)
By comparing Eq. 18 with Eq. 13 we see that βµ ∼
kχ << 1. This justifies the weak interaction of thermal
plasma. We will comeback to this issue at the end of this
section.
Now we will estimate the B asymmetry in the visi-
ble sector at a temperature above the sphaleron decou-
pling temperature. To find that we will use the chem-
ical equilibration [17] between different fermions until
sphaleron decoupling temperature as discussed below.
All the left handed charged lepton eiL,∀i, right handed
charged lepton eiR,∀i, left handed neutrino νiL,∀i, left
handed up type quark uiL,∀i, right handed up type quark
uiR,∀i, left handed down type quark diL,∀i, right handed
down type quark diR,∀i, W±, Z-boson, photon(γ), Higgs
5boson(h) are in thermal equilibrium until sphaleron de-
coupling temperature. Here the index i = 1, 2, 3 is writ-
ten for three generations. All the three generations up
type quark have same chemical potential, all the three
generations down type quark have same chemical poten-
tial. Similarly all the three left handed neutrinos have
same chemical potential. But the three different charge
leptons may have different chemical potential. So we
omit index i from chemical potential of quarks and neu-
trinos. The chemical potential of physical Higgs boson,
Z boson and photon are set to zero.
Below electroweak phase transition, the Yukawa inter-
actions can be given as:
LY ukawa = gei e¯iLheiR + gui u¯iLhuiR
+ gdi d¯iLhdiR + h.c , (19)
which gives the following chemical potential condition,
0 = µh = µuL − µuR = µdL − µdR = µeiL − µeiR . (20)
Thus we see that for quark and charge leptons the left
handed and right handed fields have same chemical po-
tential. Sphaleron transitions are efficient down to the
decoupling temperature Tsph and hence we get,
µuL + 2µdL + µν = 0 (21)
At a temperature below electroweak phase transition
the electric charge neutrality of the Universe holds. How-
ever, at this epoch the top quark is already decoupled
from the thermal plasma and hence does not take part
in the charge neutrality condition. Therefore, we get
Q = 4(µuL+µuR)+6µW−3(µdL+µdR)−
3∑
i=1
(µeiL+µeiR) = 0 .
(22)
The charge current interactions:
L(W )int = gW+µ u¯LγµdL + gW+µ eiLγµν¯eiL . (23)
are also in thermal equilibrium below electroweak phase
transition down to sphaleron decoupling temperature and
hence satisfies the following chemical equilibrium condi-
tion:
µW = µuL − µdL , (24)
µW = µν − µeiL ,∀i. (25)
Thus Eq. 25 ensures that three generations of charge lep-
tons also have same chemical potential.
Thus solving the Eqs 20- 25, we get the total baryon
and lepton number densities in the visible sector:
nB = −90
29
µν and nL =
201
29
µν . (26)
In Eq. 26 we have dropped the common factor giT
3
6 × β
and follow the same notation through out the draft as
we are interested in ratio of densities, rather than their
individual values. From the above Eq. 26 we get the
total B − L asymmetry in the visible sector nB−L:
(nB−L)vis = −291
29
µν . (27)
Moreover, from Eqs. (26) and (27) we get the total
baryon asymmetry:
nB =
30
97
(nB−L)vis (28)
We assume that, the dark matter χ is also in ther-
mal equilibrium with the visible sector via the dimension
eight operator O8 until the sphaleron decoupling tem-
perature Tsph > MW . This gives chemical equilibrium
condition:
− µχ + µν = 0 (29)
Thus from Eqs. 27 and 29 we get the number density of
χ asymmetry, which is also the B−L number density in
the dark sector:
nχ = (nB−L)dark = −2µχ = 58
291
(nB−L)vis . (30)
The observed DM abundance given by WMAP and
PLANCK is ΩDM ≈ 5ΩB. This implies the mass of DM
from Eqs. (28) and (30) to be MDM ≈ 7.76GeV.
The total nB−L of the Universe, generated by the
CP-violating out-of-equilibrium decay of lightest right
handed neutrino (N1), is the sum of nB−L in the visi-
ble and dark sectors. Therefore, we get
(nB−L)total = (nB−L)vis + (nB−L)dark
= (nB−L)vis +
58
291
(nB−L)vis
=
349
291
(nB−L)vis. (31)
Comparing Eq.(31) with Eq.(13) and Eq.(28) we get the
required asymmetry for observed DM abundance χ =
14.8(η/k). Thus for k ∼ 0.1 we get χ ∼ 10−7. This is
in accordance with the weakly interacting plasma with
βµ ∼ χ ≈ 10−7.
V. ANNIHILATION OF THE SYMMETRIC
COMPONENT OF THE DARK MATTER
The symmetric component of the DM can be efficiently
depleted through the φ mediated interactions. In partic-
ular, φ −H mixing provides a portal for annihilation of
DM (χ) to the SM particles. We show that when the
extra scalar mass(Mh2) is twice of the DM mass we get
Breit-Wigner enhancement in the cross-section which ac-
tually annihilates the symmetric component of the DM.
6The annihilation cross-section for the process: χχ →
ff is given by:
σv =
√
s− 4M2f
16pis
√
s
× λ
2
DMλ
2
fcos
2γsin2γ[
(s−M2h1)2 + Γ2h1M2h1
] [
(s−M2h2)2 + Γ2h2M2h2
]
× {[2s− (M2h1 +M2h2)]2 + [Γh1Mh1 + Γh2Mh2 ]2}
× {(s− 2M2χ)(s− 2M2f )− 2M2f (s− 2M2χ)
− 2M2χ(s− 2M2f ) + 4M2χM2f } (32)
where Mf is mass of the SM fermion and λf = Mf/v.
The decay width of h1 is given by:
Γh1 = cos
2 γΓSMh1 + sin
2 γΓχ¯χh1 + Γ
h2h2
h1
, (33)
where ΓSMh1 = 4.2 MeV,
Γχ¯χh1 = Mh1
λ2DM
8pi
[
1− 4M
2
χ
M2h1
] 3
2
(34)
and
Γh2h2h1 =
λ2eff
32piMh1
(
1− 4M
2
h2
M2h1
) 1
2
. (35)
The decay width of h2 is given by:
Γh2 =
∑
f
CfMh2 sin
2 γ
8pi
(
Mf
v
)2 [
1− 4M
2
f
M2h2
]3/2
+
Mh2λ
2
DM cos
2 γ
8pi
[
1− 4M
2
χ
M2h2
]3/2
, (36)
where Cf accounts the color factor of SM fermions.
In our case χχ is annihilating dominantly to a pair
of bottom quarks. In Eq. (32), the unknown param-
eters which dominantly contribute to the annihilation
cross-section are the mass of h2, i.e. Mh2 , the cou-
pling of h2 with DM, i.e. λDM, and the singlet-doublet
Higgs mixing, i.e. sin γ. However, these parameters
are strongly constrained by invisible Higgs decay [18],
relic abundance of DM measured by PLANCK [3] and
WMAP [2], and spin-independent direct detection cross-
sections at XENON100 [19], LUX [20], XENON1T [21]
and the Higgs signal strength measured at LHC [27, 28].
For a typical value of the parameters λDM = 4 × 10−3
and sin γ = 0.1, we have plotted σv as a function of Mh2
in Fig. 6 . As shown in Fig. 6 , the value of the χχ¯ an-
nihilation cross-section σv < 〈σ|v|〉F = 2.6× 10−9/GeV2
in most of the parameter space except at the resonance,
where σv > 〈σ|v|〉F . A crucial observation here is that
mass of h2 has to be twice the DM mass in order to get a
large cross-section via resonance. Note that a large cross-
section is required to deplete the symmetric component
of the DM. Thus Mh2 = 2Mχ is an important prediction
in this model.
.
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FIG. 6: The annihilation cross-section of (χχ→ ff) as a function
of Mh2 for a typical value of λDM = 4× 10−3 and sin γ = 0.1
VI. PHENOMENOLOGICAL CONSTRAINTS
A. Higgs signal strength
The signal strength of SM-like Higgs in a particular
channel h1 → xx can be measured at LHC and can be
defined as
µh1→xx =
σh1
σsMh1
Brh1→xx
BrSMh1→xx
=
cos4 γΓSMh1
Γh1
, (37)
where Γh1 is given by Eq. 33 . In absence of any new
physics µ = 1. However, in our case the mixing between
the two Higgses can reduce the signal strength of SM-like
Higgs. Therefore, the mixing can not be arbitrarily large
and can be strongly constrained from the observation.
The combined signal strength is measured to be µ =
1.17± 0.1 [27, 28]. In Fig. 7 we have shown the contours
of different values of µ in the plane of λDM and sin γ.
From the Fig. 7 we see that as the mixing increases the
signal strength reduces accordingly. For an optimistic
low value µ = 0.87, the allowed mixing angle can be as
large as 0.35.
B. Constraints from invisible Higgs decay
The singlet-doublet Higgs mixing in this model allows
the SM like Higgs h1 to decay via invisible channels:
h1 → h2h2 and h1 → χ¯χ. The branching ratio for the
invisible Higgs decay can be defined as:
Brinv =
sin2 γΓχ¯χh1 + [Br(h2 → χ¯χ)]Γh2h2h1
cos2 γΓSMh1 + sin
2 γΓχ¯χh1 + Γ
h2h2
h1
(38)
where Γχ¯χh1 and Γ
h2h2
h1
are given by Eqs. 34 and 35 re-
spectively. Note that LHC give an upper bound to the
invisible Higgs decay to be Brinv ≤ 24% [18]. For a
given h2 mass, the allowed invisible Higgs decay width
will constraint both λDM and sin γ as we discuss below.
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FIG. 7: Contours of signal strength µ of the SM-like Higgs h1 in
the plane of λDM versus sin γ. We set λeff = 1GeV.
C. Constraints from direct detection of dark
matter
The singlet-doublet scalar mixing also allows the DM
to scatter off the nucleus at terrestrial laboratories. The
spin independent DM-nucleon scattering cross-section
can be written as [22] [23] [24] [25] ,
σSI =
µ2r
piA2
[Zfp + (A− Z)fn]2 (39)
Where the Z and A are the atomic and mass numbers
of the target nucleus. In Eq. 39, the reduced mass
µr = Mχmn/(Mχ+mn), where mn is the mass of the nu-
cleon (proton or neutron) and fp and fn are the effective
interaction strengths of DM with proton and neutron of
the target nucleus and are given by:
fp,n =
∑
q=u,d,s
fp,nTq αq
mp,n
mq
+
2
27
fp,nTG
∑
q=c,t,b
αq
mp,n
mq
, (40)
where
αq = λDM
(mq
v
)[ 1
M2h2
− 1
M2h1
]
sinγcosγ . (41)
In the above Eq. 40, the fp,nTq are given by f
(p)
Tu = 0.020±
0.004, f
(p)
Td = 0.026 ± 0.005, f (p)Ts = 0.118 ± 0.062, f (n)Tu =
0.014 ± 0.003, f (n)Td = 0.036 ± 0.008, f (n)Ts = 0.118 ± 0.062
[26]. The coupling of DM with the gluons in target nuclei
is parameterized by
fp,nTG = 1−
∑
q=u,d,s
fp,nTq . (42)
We summarize all the constraints from invisible Higgs
decay, relic abundance of DM and null detection of DM
at LUX as the allowed regions in the plane of λDM versus
0.001 0.005 0.010 0.050 0.100 0.500
10-8
10-6
10-4
0.01
1
sinγ
λ DM
Not allowed by Higgs
invisible decay
Not allowed by
Direct detection
Not allowed by the requirement of full
annihilation of symmetric component of DM
FIG. 8: Allowed regions in the plane of λDM versus sin γ. The
region above the top purple line is disallowed by invisible Higgs
decay, i.e. Brinv ≥ 24% [18]. The region below the bottom Red
line is disallowed because σv < 2.6 × 10−9/GeV2 and give large
relic abundance. The regions above the Blue line is disallowed by
the spin independent direct detection cross-sections at LUX for
Mχ = 7.76 GeV. we fix Mh2 ≈ 2Mχ and set λeff = 1GeV.
sin γ in Fig. 8. We see from Fig.8 that the region above
the top purple line is not allowed by the invisible Higgs
decay, where Brinv ≥ 24% [18]. The region below the
bottom red line gives large relic abundance of DM since in
this region σv(χ¯χ→ f¯f) < 2.6×10−9/GeV2. Since most
of the annihilation occurs at the resonance, we fix Mh2 ≈
2Mχ. The Blue line indicates the spin independent direct
detection cross-section σSI = 10−45cm2 corresponding to
a DM mass: Mχ = 7.76 GeV. Therefore, the region above
to that line is not allowed. Thus we left with a white
allowed patch in the plane of λDM versus sin γ.
VII. CONCLUSION
We extended the standard model by including a dark
sector in which the fermions (heavy right-handed neutri-
nos NiR, i = 1, 2, 3 and light singlet fermions χj , j = 1, 2)
carry a net B − L charge and are odd under a discrete
Z2 symmetry. As a result the lightest Z2 odd fermion
(χ1) in the dark sector became a suitable candidate of
DM. A singlet scalar φ also introduced in the dark sector
through which the dark fermions interact with the SM
particles.
In the early Universe, the CP-violating out-of-
equilibrium decay of lightest heavy right handed neutrino
to χj and φ generate a net B − L asymmetry. The lat-
ter is then transferred to visible sector via a dimension
eight operator (χ¯LH)2/M4asy which conserves B−L sym-
metry and is in thermal equilibrium down to sphaleron
decoupling temperature Tsph. B + L violating sphaleron
transitions are in thermal equilibrium down to a temper-
ature Tsph and hence can convert the B − L asymmetry
in the visible sector to a net B asymmetry while the
B − L asymmetry in the DM remain untouched. As a
result we get a net asymmetric DM abundance (given
8in terms of B − L asymmetry) comparable to baryon
asymmetry for Mχ/Mp ≈ 8, where Mp represents proton
mass. The symmetric component of the DM got annihi-
lated efficiently via the singlet-doublet Higgs mixing for
Mh2 ≈ 2Mχ irrespective of all other parameters. Since
the observed DM abundance gives Mχ ≈ 8 GeV, thus
we get a Mh2 ≈ 16 GeV, which can be searched at the
collider and via indirect gamma ray search. This is an
important prediction of this model.
The neutrinos are massless at the tree level since the
right handed neutrinos are odd under the Z2 symmetry
and are decoupled from the visible sector. However, at
one loop level the neutrinos acquired mass via a dimen-
sion eight operator (NRLH)
2/Λ4B−L. We showed that
sub-eV masses of neutrinos require the B − L breaking
scale to be around ΛB−L ≈ 1011 GeV.
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